We present measurements of the transmission of radio/microwave pulses through salt in the Cote Blanche salt mine operated by the North American Salt Company in St. Mary Parish, Louisiana. These results are from data taken in the southwestern region of the 1500 ft. (457 m) deep level of the mine on our third and most recent visit to the mine. We transmitted and received a fast, high-power, broadband pulse from within three vertical boreholes that were drilled to depths of 100 ft. (30 m) and 200 ft. below the 1500 ft. level using three different pairs of dipole antennas whose bandwidths span 125 to 900 MHz. By measuring the relative strength of the received pulses between boreholes with separations of 50 m and 169 m, we deduce the attenuation of the signal attributed to the salt medium. We fit the frequency dependence of the attenuation to a power law and find the best fit field attenuation lengths to be 93 ± 7 m at 150 MHz, 63 ± 3 m at 300 MHz, and 36 ± 2 m at 800 MHz. This is the most precise measurement of radio attenuation in a natural salt formation to date. We assess the implications of this measurement for a future neutrino detector in salt.
Introduction
Cherenkov power spectrum.
Askaryan also proposed a few materials as detection media that occur natu- 
60
We chose this dome because GPR measurements that were made in the mine 61 suggested very low radio attenuation, including observations of reflections over the longest distance of any mine measured [7] .
63
The Cote Blanche dome is one of five salt domes in the area. The salt dome 
69
The dome has been actively mined since 1965 using the conventional "room 
74
Current mining operations are on the 1500 ft. deep level.
75
The measurements described in this paper are from the third trip that we an average index of refraction of n = 2.4 ± 0.1 [13] .
87
The attenuation lengths that we measured were inconsistent with previous
88
GPR studies of the Cote Blanche mine (see Section 7). The relatively short 89 attenuation lengths that we measured through the walls of the pillar could be receiving antennas, and the antennas were lowered by hand into the salt.
111
We made most of our measurements using three pairs of dipole antennas. We 
119
We used a Tektronix TDS694C oscilloscope to record the received signal pulse.
120
We used a pulser with synchronized outputs to trigger both the the high-power 121 pulser and the oscilloscope. This allowed us to look in a fixed time window for 122 the signal and reduce noise by averaging many waveforms.
123
The transmitting antenna was always lowered into Borehole 1, and the iden-124 tical receiving antenna was either in Borehole 2, which was 50 m away from 125 the transmitter, or Borehole 3, which was 169 m away from the transmitter.
126
We took data at 10 ft. (3 m) incremental depths in the boreholes. The setup 127 used to measure transmission between Boreholes 1 and 2 was identical to the 128 setup used to measure between Boreholes 1 and 3 so that we could make reli-129 able relative measurements without requiring an absolute system calibration.
130
Because the transmission band of each antenna was relatively broad, we were 131 able to make measurements between 125 and 900 MHz in salt. antennas.
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140
We expect to record reflections from interfaces within the salt and from the 141 salt-air boundary. We were able to see reflections from the 1500 ft. corridor is taken from a sample waveform for each antenna type in a time window of the 150 same length as the pulse window but earlier in time than any pulse appears.
151
The noise subtraction had a small effect on the calculated attenuation length 152 because the signal to noise ratio was high in the band of the antenna.
153
We define voltages V 
where N is the number of depths included here. Using this method, we estimate 174 the uncertainty on the voltage measured due to the position of the antenna in 175 the hole to be 24%.
176
We also include an uncertainty due to the exact choice of the time window 177 that contains the pulse. We estimate this uncertainty as the root mean square 178 variation of the total power in the pulse as we slide the time window by 1 ns.
179
When the power at a given frequency is small, this uncertainty dominates (up 180 to 50% in voltage), but in the frequency band of the antenna, the uncertainty 181 is small (less than 10% in voltage).
182
There is also an uncertainty on the distance between the holes. Table I , we list the measured attenuation lengths at a few 229 frequencies of interest based on the best fit values from this fit.
230
The uncertainties on the distances between the holes is one that would move 231 the measured attenuation length in the same direction at all measurement 232 positions, so we do not include them in the fit. The uncertainties on the 233 distances between the holes are small compared to the remaining uncertainties.
234
If we vary the distances by their uncertainties and refit, the attenuation lengths 235 change at most by ±2%.
236
We have also averaged the attenuation length at each frequency over all depths bin.
243
The attenuation lengths that we measured on this trip are significantly longer 244 than those that we measured on our previous trip to the same mine. The 
Index of Refraction

254
We also calculate the index of refraction of the salt using the direct trans- that the pulse was generated and the signal was received and subtracting the 261 known system delay.
262 Figure 9 shows the measured index of refraction at each depth. The index of 263 refraction that we measure is consistent with n = 2.45, the index of refraction 264 of rock salt. We estimate an uncertainty of ±3 ns on the absolute system 265 timing and ±1 ft. on the distance between the holes. We also include the same 266 uncertainty due to potential deviation of the boreholes from vertical that was 267 described in Section 5, which contributed < ±3 ft. to the uncertainty. the same borehole. We use the same uncertainties as described in Section 5.
317
The solid line in the figure is the expected beam pattern for a half-wave dipole 318 in air:
(5)
320
Although our uncertainties are large, we do not see a deviation from the half-
321
wave dipole beam pattern. The data is also not inconsistent with the peak of 322 the transmission being in the horizontal direction. Table II from the discussion of the specifications of 341 the system used to make the measurements in References [7] and [14] .
342
The power received, P Rx , is related to the power transmitted, P T x , by the Friis 343 formula:
where G T x and G Rx are the gain of the transmitting and receiving antennas,
346
λ is the wavelength of the transmitted signal in salt, and r is the distance 347 between the antennas. Using the result of the Friis formula together with the 348 GPR system specifications, we estimate that the minimum attenuation length 349 allowed to detect the reflected signal over the longest distance observed (see 350   Table II) is 138 m, assuming that they detected the signal just at the sensitivity 351 threshold of their system.
352
This attenuation length is not inconsistent with some of our measurements in 353 the same frequency range, although our results show generally higher losses.
354
Note that if there are variations in the clarity of the salt, the longest observed 355 path length quoted in their paper would be more likely to be from the clearest 356 salt that they had sampled among all of their measurements. We only sampled 357 one section of salt with these measurements.
358
In order to replicate the low-loss results of the GPR technique, any further 359 measurements would have to be made with a portable high-power system 360 capable of making measurements at many locations.
361
We made a brief attempt at making measurements using the GPR technique 362 during our visit to the mine. Using the same high-power pulser and oscillo-363 scope, we used a pair of directional antennas in an attempt to see reflections 364 off of interfaces within the walls of the mine. We did see late reflected pulses,
365
but we did not understand that data well enough to conclude whether the 366 reflections that we saw came from within the salt, or were merely reflections 367 down the corridor of the mine.
368
8 Simulation
369
We have run a simulation to estimate the sensitivity of an array of antennas 370 embedded in salt with the attenuation lengths that we have measured here.
371
As much as possible, we use the same parameters as the simulated array 
391 with statistically dominated uncertainties. This is the most precise measure-392 ment of radio attenuation in a natural salt formation to date.
393
The main result of this paper is derived from data that we took on our third Table I Measured attenuation lengths at a few frequencies of interest based on fitting the data at 50 ft. and 90 ft. depths to the power law function as described in the text.
Frequency Attenuation length > 138 m
